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Visual acuity and motion perception are degraded during head movements unless the eyes counter-rotate so as
to stabilize the line of sight and the retinal image. The vestibulo-ocular reflex (VOR) is assumed to produce this
ocular counter-rotation. Consistent with this assumption, oscillopsia is a common complaint of patients with
bilateral vestibular weakness. Shanidze et al. recently described compensatory eye movements in normal guinea
pigs that appear to anticipate self-generated head movements. These responses effectively stabilize gaze and occur
independently of the vestibular system. These new findings suggest that the VOR stabilizes gaze during passive
perturbations of the head in space, but anticipatory responses may supplement or even supplant the VOR during
actively generated head movements. This report reviews these findings, potential neurophysiological mechanisms,
and their potential application to human clinical treatment of patients with vestibular disease.
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Introduction
The most primitive eye movements were initiated by
the semicircular canals in fish (the vestibulo-ocular
reflex; VOR) so as to stabilize retinal images with
respect to the environment (reviewed by Walls1). In
its most basic form, the VOR is a three-neuron reflex
arc linking the labyrinths to the extraocular muscles
of the eyes.2 Because of its relatively large band-
width and short latency, the VOR is ideally suited
to compensate for unexpected perturbations of the
head in space, and it is this aspect of VOR func-
tion that is most often tested in the laboratory or
clinic using passive whole-body rotations of animal
or human subjects. In contrast to this passive stim-
ulus, in more natural environments animals move
voluntarily and, more specifically, move their heads
relative to their bodies or their bodies in space. For
example, primates typically shift their direction of
gaze by making a saccade to an eccentric spatial lo-
cation and then rotating their heads in the same
direction.3 Since the desired gaze direction is often
achieved with the saccade (unless the target is very
eccentric, >20◦), the eyes must counter-rotate dur-
ing the head turn in order to stabilize the retinal
image and maintain the newly acquired direction
of gaze. Although some of the experimental find-
ings are controversial, it is probable that the VOR
plays a significant role in the ocular counter-rotation
that stabilizes the retinal image during coordinated
eye-head gaze shifts.4–6
Unlike the primate, the guinea pig’s retina is
relatively homogeneous and consists primarily of
rods.7,8 Thus, guinea pigs have poor visual acuity,9
and the term “gaze direction” is ambiguous for this
animal since their vision is effectively panoramic
(guinea pigs do have a horizontally-aligned visual
streak that they use to detect the horizon8). Despite
their relatively poor acuity, retinal image stability
would enhance vision and, more importantly, en-
able these afoveate animals to distinguish the mo-
tion of objects in their environment from retinal
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image motion produced by self-motion.1,10 Thus,
guinea pigs do exhibit a VOR in response to pas-
sive whole-body rotation in the dark and in the
light.11,12 However, when tested in the laboratory
in the dark, with passive rotations, the guinea pig’s
VOR compensates for only about 50% of the an-
imal’s passively induced head movement.12 Dur-
ing more natural, self-generated head movements,
guinea pigs generate significantly larger compen-
satory eye movements, which compensate on aver-
age for 81% of head rotational speed and, in some
instances, achieve 100% compensation.13 A descrip-
tion of this remarkable behavior is the focus of this
report.
Methods
Experimental and surgical procedures were per-
formed in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory
Animals and were approved by the University of
Michigan’s University Committee on Use and Care
of Animals. Data were obtained from five guinea
pigs (four pigmented, one albino), some of which
were used in the study of passive responses described
in a previous report.12 The methods were identical
to those of that report, where their descriptions can
be found in greater detail.
For this study, the trunks of the guinea pigs were
restrained within the experimental apparatus. How-
ever, the animals’ heads were free to move, and
there were frequent bursts of self-generated head
movements. Although some of these movements
appeared to be irritative, that is, rapid shaking of
the head, most were exploratory movements dur-
ing which the animal smelled, chewed, or oriented
toward some feature of the experimental environ-
ment. All analyses of active movements included in
this report occurred in the absence of any passive ro-
tational stimulus and all occurred in the dark, unless
described otherwise.
During the experiment, fully awake animals
were restrained and placed on a servo-controlled
turntable (Neurokinetics Inc, Pittsburgh, PA). The
restraint consisted of a polycarbonate box, which
had an adjustable width that could be comfort-
ably adjusted to fit the animal’s trunk. The an-
imal’s body position was fixed relative to the
turntable via the restraint box, but its head was
able to move freely. Eye and head movements were
recorded using the electromagnetic search coil tech-
nique.12,14 A Primelec search coil system (D. Florin,
Ostring, Sw; model CS681) generated three or-
thogonal electromagnetic fields about the guinea
pig. The Primalec field coils were stationary rel-
ative to the world. With this configuration, mea-
sured eye and head movement signals were eye-in-
space and head-in-space relative to the earth-fixed
coordinate frame established by the field coils.
Eye position and head position data were each
sampled at 1,000 Hz by a dedicated data acquisition
system (CED Power 1401, Cambridge Electronic
Design, Cambridge, UK). Data were analyzed off-
line using custom software written in the Spike
2 (Cambridge Electronic Design) and MATLAB
(The MathWorks, Inc, Natick, MA) environments.
A smoothing filter was applied to all acquired po-
sition channels and eye and head velocity were
computed by differentiating the position data.
Two broad strategies were employed to analyze
active head movements. First, segments of active
head movements (>5 ms in duration) were selected
by a software algorithm using two criteria: that no
passive stimulus was present (intervals of active head
movements were not predictable and were inter-
spersed with passive body rotations) and head speed
exceeded 5 deg/s. Each segment was analyzed to
compute the gain of the compensatory response by
regression of eye-in-head against head-in-space ve-
locity. The latency of the compensatory eye response
was determined by cross-correlating these variables
over the same data segments. The latency was as-
sumed to be the lag associated with the maximum
correlation coefficient. Alternatively, some data seg-
ments were selected by one of the authors during
which discrete head and eye movements occurred
and which approximated the speeds and accelera-
tions of the passive whole-body transient perturba-
tions analyzed in a previous report.12 Each of these
segments was analyzed for gain and latency using the
same approach described above for the automated
analysis. For those segments, brief intervals con-
taining rapid eye movements were excluded from
the analysis. About 150 min total of experimental
time in the intact animals was included, from which
31 min were selected as being long enough with suf-
ficient head movement activity to warrant analysis.
Results
Figure 1A shows a typical example of a guinea pig
abruptly rotated from 0 to 90 deg/s in ∼100 ms.
The eye-in-head trace is inverted to clearly show the
delayed response of the animal’s VOR during this
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Figure 1. During passive rotation, the guinea pig’s VOR is
delayed in time and fails to compensate fully for head velocity.
(A) Head-in-space velocity (black trace, HIS) and eye-in-head
velocity (gray trace, EIH) evoked by an abrupt passive whole-
body rotation. Lowermost trace is head-in-space velocity (EIS).
(B) Linear regression of EIH and HIS (data from panel A) in
the time interval following the quick-phase eye movement. The
best-fitting regression is EIH = 8.1 ± 0.43–0.71 ± 0.006. ∗HIS
(R2 ≥ 0.99).
trial (∼10 ms). The lowermost trace shows that eye
velocity relative to the world is reduced by the VOR
to about 30% of the head speed. Figure 1B shows the
linear relationship of eye-in-head to head-in-space
speed during the initial portion of the response; the
regression line has a slope of –0.71 and is highly sig-
nificant (R2 > 0.99). This compensatory response
is comparable to the passive VOR responses we re-
ported in a prior study.12
When the same animal generates active head
turns, the compensatory eye movement is larger and
produces significantly more retinal stability than is
seen in that animal during passive whole-body rota-
tions. Figure 2 shows two typical examples of this be-
havior. In Figure 2A, the animal reorients itself and
makes a rapid (∼150 deg/s) head turn to the right.
In near synchrony with the head movement, the
eye counter-rotates and then executes an anticom-
pensatory quick-phase eye movement in the same
direction as the head movement. The quick phase is
followed by additional ocular counter-rotation that
compensates for the ongoing head turn. The low-
ermost trace shows that the eye-in-space speed is
essentially zero throughout the rapid head turn ex-
cept during the quick-phase anticompensatory eye
movement. This observation is confirmed quan-
titatively by the linear regression data illustrated
in Figure 2B. During the head turn that follows
the quick phase, the ocular counter-rotation com-
pensated for ∼85% of the head speed (regression
slope = –0.85). Furthermore, the latency of this re-
sponse as computed by waveform cross-correlation
was –1.0 ms. A longer sequence of active head turns
made by the same animal is illustrated in Figure 2C.
In this example, the eye-in-head trace (gray) is in-
verted to illustrate how accurately the compensatory
response mirrors the head-in-space velocity (black)
in amplitude and in temporal synchrony. Figure 2D
shows the linear regression of eye speed relative to
head speed; for this example, the ocular counter-
rotation is 100% compensatory (slope = –1.0) and
the latency is 0.0 ms.
Figure 3A shows the distribution of latencies
for 74 segments of anticipatory responses to self-
generated head movements in three animals.13 To
compute response latency, cross-correlations of eye-
in-head and head-in-space velocities were per-
formed. The mean anticipatory latency was 0.1 ±
2.5 ms (SD). To ensure that segment lengths were
not confounding the results, a regression of seg-
ment length to lag was performed and no relation-
ship was found (R2 = 0.029). In addition, the 74
segments were broken up into 25-ms-long inter-
vals, analyzed for latency, and binned. The proce-
dure confirmed the results shown in Figure 3 (mean
–0.2 ± 0.27 ms, n = 47,827). Most of the com-
puted latencies were less than zero, verifying the
anticipatory nature of the responses illustrated in
Figure 2.
We analyzed the 74 data segments further to es-
tablish the relationship of head and eye velocity.
Eye and head velocity were recorded for multiple
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Figure 2. Anticipatory responses during self-generated head movements. (A) Brief rightward head turn. Traces labeled as in Figure
1(B). Linear regression of EIH and HIS (data from panel A) following the quick-phase eye movement. The best-fitting regression
is EIH = 1.8 ± 0.15–0.85 ± 0.005. ∗HIS (R2 ≥ 0.99). (C) Self-generated sequence of head movements. In this panel, the EIH trace
(gray) is inverted to show how closely it matches HIS velocity temporally and in amplitude. (D) Linear regression of EIH and HIS
(data from panel C) following the quick-phase eye movement. The best-fitting regression is EIH = 2.6 ± 0.35–1.00 ± 0.007. ∗HIS
(R2 ≥ 0.99).
segments of active head movement that occurred
in the absence of passive rotation. Linear regres-
sions of eye-in-head versus head-in-space velocity
were done for consecutive points of each active
head movement segment. Segments for which no
valid cross-correlation value could be found were
excluded from the analysis. Figure 3B shows the re-
sultant distribution of slope values. Statistically, the
slopes were normally distributed with a mean of
–0.80, that is, the anticipatory movements com-
pensated on average for 80% of head veloc-
ity. To determine if there was a relationship
between response gain and latency, the gain val-
ues were replotted subject to certain conditions.
The data set was divided into two distributions—
one with only gain values associated with lags
less than 2 ms (n = 61) and another with val-
ues associated with lags greater than or equal to
2 ms. The mean of the smaller lag subset was slightly
higher (–0.81 ± 0.23) than that of the other subset
(mean = –0.74 ± 0.19), but the difference was not
statistically significant.
Discussion
In a previous report, we showed that anticipatory
responses similar to those illustrated in Figure 2 oc-
curred in animals with complete bilateral peripheral
vestibular lesions.13 Those results and the near-zero
or negative latency of the anticipatory responses
(Fig. 3A) argue for an extravestibular origin for
these remarkable gaze-stabilizing eye movements.
The two most likely extravestibular sources for the
observed responses are proprioceptive inputs from
the neck and/or an efference copy signal related to
the voluntary head movements (Fig. 4).15 Studies in
non-human primates have demonstrated the pres-
ence of signals, encoded by the firing rates of vestibu-
lar neurons, which were related to head rotation
relative to the trunk.5,16–18 Many of these same
vestibular neurons also receive monosynaptic vesti-
bular inputs. Furthermore, Cullen and her col-
leagues have shown that presumptive propriocep-
tive inputs related to head-on-body rotations reach
secondary vestibular neurons in the VOR pathway
where they are apparently masked in the intact
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Figure 3. (A) Distribution of eye movement latencies (lags) associated with self-generated head movements. (B) Distribution of
regression slopes (compensatory gain) of eye versus head velocity associated with self-generated head movements. The ‘‘normalized
count’’ is the count of items in each bin divided by the total number of counts. From Shanidze et al.13
monkey.19–21 This finding and the short latency of
the anticipatory responses argue against, but do not
exclude, a proprioceptive origin for the responses
observed in guinea pigs. For example, our latency
measurement is relative to the onset of head move-
ment, but the electromyography activity of neck
muscles is likely to precede our estimate of the initi-
ation of the head movement; thus a response, initi-
ated by proprioceptive inflow, might be seen to have
zero latency when measured behaviorally.
Efference copy signals related to voluntary head
movements could also produce anticipatory re-
sponses. Signals linked to voluntary head/body
movements have been described in the in-
tact monkey’s VOR pathway.3,4,21,22 Dichgans
et al.23 reported accurate compensatory responses
in labyrinthectomized monkeys during active head
movements, and those responses persisted after sur-
gical lesions that interrupted neck proprioception.
Dichgans’ experiments showed that efference copy
signals could produce compensatory responses in
animals with vestibular lesions and that these re-
sponses could be preprogrammed.23 Our results,
which illustrate similar anticipatory responses in in-
tact guinea pigs, are a significant extension of these
previous studies. One can no longer assume that the
VOR is the only, or even the principle, mechanism
by which retinal image stability is achieved during
voluntary head movements in an animal with an
intact vestibular system—regardless of what is ulti-
mately shown to be the source of the anticipatory
response.
These findings could have important clinical im-
plications if anticipatory responses that compensate
for voluntary head movements can be demonstrated
in humans. For example, patients with bilateral
vestibular weakness typically experience oscillopsia
(perceived motion of the environment) as a result
of retinal instability during movement,24–26 suggest-
ing that human anticipatory responses, if present,
incompletely compensate for head movements. In
contrast, the data presented in this report imply that
oscillopsia should be minimal in guinea pigs given
the robustness of their anticipatory responses, even
in animals with complete bilateral vestibular lesions.
Diagnostic vestibular tests rely on passive rota-
tion of patients whose heads are supported rela-
tive to the body. Anticipatory responses in humans
cannot be detected using this test protocol; instead,
patients must be instructed to rotate their heads
voluntarily. In a study of labyrinthine-deficit pa-
tients (who had no response bilaterally to caloric
irrigation), patients produced larger compensatory
responses during active eye–head tracking than dur-
ing passive rotations—behavior consistent with an
extravestibular mechanism such as an anticipatory
response.27 This study was later extended and con-
firmed by Waterston et al.28 These reports suggest
that human patients with bilateral vestibular disease
can produce eye movements that are at least partially
compensatory for self-generated head movements.
However, to the best of our knowledge, the origin
of these responses has not been systematically stud-
ied in normal subjects or in patients, and it is not
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Figure 4. Vestibular inflow and proprioceptive inputs from the
neck and/or efference copy signals, which encode head-on trunk
movement, interact within central VOR pathways to produce
anticipatory responses. In this model, the proprioceptive inputs
are presumed to act directly on vestibular neurons. The efference
copy signal reach vestibular neurons via the cerebellum and/or
directly (dashed lines).
known if their origin is the cervico-ocular reflex29,30
or efference copy-driven eye movements that antic-
ipate planned head movements. Regardless of their
origin(s), these compensatory responses should be
subjected to further study to determine why they
appear to be less than fully compensatory and
how they can be enhanced in labyrinthine-deficient
patients.
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